
An IC Piezoresistive Pressure Sensor 
for Biomedical Instrumentation 

9 

R 

SAMAUN, KENSALL D WISE, AND JAMES. B, ANGELL 

(NASA-CR-142604) A N  I C  P I E Z O R E S I S T I V E  N 7 5 - 7 2 9 1 4  
PRESSURE SENSOR FOR BIOMEDICAL 
INSTRUMENTATION (Stanford Univ.) 10 p 

Unclas 
00/98 14639 

Reprinted by permlssion from IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING 

Vol BME-20, No. 2, March 1973, pp 101 109 
Copyright 1973, by the Institute of Electrical and Electronic Engineers, Inc 

PRINTED IN THE U.S.A 

J 



Reprinted by permission from IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING 

VOI BME-20, NO. 2, March 1973, pp 101-109 
Copyright 1973, by the Institute of Electrical and Electronic Engineers, Inc. 

PRINTED IN THE U.S.A 

An IC Piezoresistive Pressure Sensor 
for Bio edical Instrument ation 

SAMAUN, KENSALL D. WISE, AND JAMES B. ANGELL 

Abstruct-A thin-diaphragm piezoresistive pressure sensor for biomed- 
ical instrumentation has been developed using monolithic integrated- 
circuit (IC) techniques. The piezoresistive effect has been chosen for 
thii device because it provides an observable resistance change that is a 
linear function of pressure and is observable at low stress levels. A 
diaphragm is used as a stress magnifying device; its magnification is pro  
portional to the square of the ratio of the diaphragm diameter to its 
thickness. The pressure-induced stresses in the diaphragm are sensed by 
properly oriented piezoresistors interconnected to form a bridge. 

An anisotropic etching technique is used for the formation of the dia- 
phragms; this technique makes possible a novel thickness monitoring 
scheme that alsoacts as a chip separation etch. Sensors with diaphragm 
diameters of 0.5 mm and thickness of only 5 pm, surrounded by a 
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0.15-mm wide ring of thick silicon, have been batch fabricated using 
this technique. An intrinsic sensitivity of 14 pV/V supply/mmHg has 
been achieved. 

Temperature drift in these sensors is dominated by the temperature 
dependence of the piezoresistive coefficient. A temperature-compensa- 
tion circuit has been devised for these sensors by deriving a tempera- 
ture-dependent signal that is pressure independent for the compensa- 
tion of the temperature-dependent part of the bridge unbalance voltage. 

These sensors, after being mounted on the tip of a small catheter, can 
be inserted into the biological system through the inner bore of a larger 
catheter that was formerly occupied by a guide wire. The sensors have 
been utilized for acute measurements of blood pressure in dogs with 
satisfactory results. 

INTRODUCTION 

HE MOST COMMON technique for obtming reliable 
pressure measurements in biological systems utilizes a 
flexible stainless steel guide wire about 1 mm in diameter 

that is inserted into the artery This guide wire is pushed to 
the desired location under fluoroscopic monitoring, used as a 

T 
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Fig. 1 (a) Top view of the piezoresistive pressure sensor (b) Cross 
section of the sensor 

guide for insertion of a hollow catheter, and is then removed 
Finally, the catheter is filled with a suitable fluid whose pres- 
sure, a function of the propagation characteristics of the hol. 
low catheter, can depart appreciably from the true in vivo 
p re ssure , 

The object of our research has been to investigate the possi- 
bility of fabricating miniature pressure sensors that can substi- 
tute for the normal guide wire so that pressures can be mea- 
sured free of propagation distortion. These transducers, as 
designed, combine a silicon diaphragm (which serves as a stress 
magnifying device) with diffused piezoresistors (for sensing 
the pressure-induced stresses in the diaphragm). Diaphragm 
thicknesses of about 5 pm are required for obtanmg reason. 
able sensitivities (-diameter2/thickness2) for diameters of 
about 0.5 mm. A supporting nm of thick silicon is then neces- 
sary to facilitate the handling and mounting of these struc- 
tures. Fig. l(a) shows a photograph of a pressure sensor, 
Fig. l(b) shows the cross section. 

The diaphragms are formed by etching the silicon wafers us- 
ing a potassium hydroxide (KOH) anisotropic etch that is in- 
expensive, easy to handle, and produces flat diaphragms. With 
KOH, selective etching is easily accomplished using silicon di- 
oxide as an etch mask. A unique diaphragm thickness moni- 
toring scheme is utilized that also acts as a chip separation 
etch. Using this technique as a frnal processing step, batch fab- 
rication of the circular pressure-sensitive chips can be realized 
using standard integrated-circuit (IC) processing techniques 

The pressure-induced stresses on the diaphragm are sensed by 
four properly oriented piezoresistors interconnected to form a 
bridge. Temperature-induced stresses on the diaphragm are 
compensated for by an external active circuit by extracting a 
temperature-dependent signal that is pressure independent 

The mounting of the small pressure-sensitive chips at the tip 
of a catheter is an integral part of the transducer development. 
Since most of the contact between the transducer and the bio- 
medical system is through the packaging, a dominant consider- 
ation is the toxicity of the materials used Our present mount- 
ing method involves the use of a quartz tube for holding four 
insulated copper wires together, which are then soldered to the 
four contact pads on the chip. Sealing of the space between 
the chip and the quartz tube is done by using epoxy The 
overall diameter of the Fiished catheter-tip-mounted sensor is 
0.9 mm, whch is smaller than the diameter of a conventional 
guide wire 

In the following sections of this paper, the design of these 
pressure sensors is first discussed in terms of diaphragm stress 
patterns and crystallographic orientation of the piezoresistors. 
The fabrication techniques used are then described, and the 
characteristics of the sensors in vitro and in vivo are examined. 

DESIGN CONSIDERATIONS 

Silicon has been used for intravascular biomedical sensors for 
a number of years. Although no piezoelectric effect is ob- 
servable in silicon, there are other pressure-sensitive effects 
that can be utilized for making pressure transducers, such as 
strain-induced changes m the electrical properties of p-n junc. 
tions [ I ]  and the piezoresistive effect 121 Because the piezo- 
junction effect is a bandgap effect, it is observable only at 
high stress levels, near the fracture stress of silicon. The piezo- 
resistive effect, on the other hand, is observable at low stress 
levels and is the result of the change in carrier mobility with 
stress. Combined with the advanced state of silicon-processing 
technology developed for making IC's, this effect makes silicon 
a desirable material for miniature pressure transducers 

To produce observable effects with small pressures, some 
kind of pressure magnification scheme must be utilized 
Nearly all sensors that utilize the piezojunction effect employ 
some sort of stylus arrangement to achieve pressure magnifica- 
tion By concentrating the force on a small area at the point 
of a needle, large stresses can be generated on a small area 
Another method utilizes a cantilever beam structure in which 
the stress-sensitive devices are formed on one side of the beam, 
one end of which is clamped into a rigid supporting structure 
Force is applied at the other end of the beam. 

The third method, which utilizes a diaphragm structure, 
seems to be the most desirable for our requirements. A circu. 
lar diaphragm is easily mounted on the tip of a catheter Large 
pressure magnification can be achieved if large ratios between 
the diaphragm diameter and its thckness can be realized 
Piezoresistors can be diffused directly into the high-stress re- 
gions of the diaphragm, and miniaturization can be easily 
achieved using normal IC processing. 

Stress Pattern and Orientation of the Piezoresistors 
Using the theory of plates and shells [3], the radial (ar) and 

tangential (ut) stress on the back side of the diaphragm can be 
related to the applied pressure from the front q ,  the diaphragm 
thickness h ,  the diaphragm radius a, Poisson's ratio v, and the 
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Fig. 2 Radial and tangential stresses on the back side of a diaphragm 

due to an applied pressure from the front. 

OO- -ik 

Fig 3 Maximum pressure for linearity as a function of diaphragm ra- 
dius for a clamped silicon diaphragm The diaphragm thickness is 
used as a parameter and (W&) < 0.4 is taken as the maximum de- 
flection limit 

distance from the center r by the expression [2] , 231 

39 

39 

or = - [a"l t v) - r y 3  + v)] 

u,= - [ a 2 ( 1 t v )  r 2 ( 1 + 3 v ) ]  

8h2 

(1) 8h2 

Fig. 2 shows this stress pattern as a function of the distance 
from the center of the diaphragm. Tlvs linear relation between 
the applied pressure and the stress on the diaphragm is only 
valid for deflections that are small compared to the thickness 
of the diaphragm. This implies that no longitudinal stress ex. 
ists at the neutral plane of the diaphragm. 

The magnitude of the deflection at the center of the dia- 
phragm is PI , [4l 

, E is Young's modulus. 
3qa4(1 - v') 

16Ek3 
w, = 

Fig. 3 shows the relation between the maximum allowable 
pressure and the diaphragm radius using the diaphragm thick- 
ness as a parameter, while w,/h < 0.4 is taken as the limiting 
value (ensuring linearity to better than 1 percent). Exceeding 

TANGENTIAL 
RESISTOR 

Fig. 4 Stresses and piezoresistive coefficients of tangential and radial 
resistors. 

these maximum pressures, a nonlinear relation be tween applied 
pressure and stress on the diaphragm will be observed. 

For a piezoresistor subjected to parallel and perpendicular 
stresses the relationship between the fractional change in resis- 
tance and the perpendicular and parallel stress component is 

where r11 and 7rL are the parallel and perpendicular piezoresis, 
tive coefficients, respectively For tangentially and radially 
oriented piezoresistors (Fig. 4)  on a circular diaphragm whose 
radius is large compared with the resistor dimensions, this frac- 
tional change in resistance can be expressed as follows 

tangential resistors. 

radial resistors 

(3) 

The expressions for the parallel and perpendicular piezoresis- 
tive coefficients are [4] as follows 

n-type 

rill = rll [ l  

r l=r l l  [ : ;  - - t - ( 1 : ~  t m:m; t n:n;)] 

3(1:m: + l?n: + m:n:)] 

p-type 
rill = 21r~~(~:rn? t ZSn: t m:n:) 

rl = t m:mX t n:n;) (4)  

where l , ,  m,, and n1 are the direction cosines of a vector 
parallel to the resistors, with respect to the crystallographic 
axes, and 1 2 ,  m 2 ,  and nz are the direction cosines of a vector 
perpendicular to the resistors, also with respect to the crystal. 
lographic axes. rl1 and 7r44 are the dominant piezoresistive 
coefficients in n- and p-type piezoresistors, respectively 

Combining (l),  (3), and (4), we can calculate the frac- 
tional change in piezoresistors that are diffused on a (100) 
oriented diaphragm and directed in the major axes. For n-type 
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Fig. 5 (a) Fractional resistance change AR/R versus radial distance r 
for tangential and radial n-type diffused resistors in different crystal- 
lographic directions in the (100) plane (b) Fractional resistance 
change AR/R versus radial distance r for tangential and radial p-type 
diffused resistors in the [110] direction on the (100) plane 

resistors in the [loo] and [110] directions, the expressions 
are as follows. 

I1001 

3q 
= n i l  13 [a2(1 +v)+r2(1 - 5v)l 

For p-type resistors oriented in the [loo] direction, nil and 
nl are both zero, while for the [110] direction they are as 
follows: 

[1101 
3qr2 r+)r= - e) t = -7744 - 8h2 (1 - v) .  (6)  

These functions are plotted in Fig. 5(a) and (b), respectively 
From these figures we conclude that, for n-type resistors dif- 

fused into the (100) plane, the best arrangement to get four 
active resistors in a bridge is to have two resistors, either tan. 
gential or radial, near the center of the diaphragm in either the 
[ 1001 or [ 1101 direction and two radial resistors in the [ 1001 
direction far from the center 

For a bridge containing four active p-type resistors, the best 
combination would be two radial and two tangential resistors 
in the [ 1101 direction, all located at the rim of the diaphragm. 

For practical resistors diffused on a circular diaphragm, aver- 
aging techniques must be used to calculate the fractional 
change due to an applied pressure, since piezoresistors occupy 
a finite area on the diaphragm. The appropriate averaging inte- 
grals have been described rn the literature [2] , [4] 

Resistor Value 
The choice of the value of the piezoresistors must represent 

a compromise among several conflicting requirements. The 
pressure sensitivity of a bridge containing four active piezore- 
sistors is proportional to the sheet resistivity and the supply 
voltage. The temperature stability, on the other hand, is in- 
versely proportional to the sheet resistivity and the supply 
voltage so that the requirement for good temperature stability 
conflicts with the requirement for large pressure sensitivity 

Usmg appropriate temperature-compensation circuits, most 
of the temperature drift can be eliminated within a certain 
temperature span so that a high sheet resistivity and supply 
voltage can give distinct advantages The upper limit of the 
supply voltage is set by safety and maximum dissipation con 
siderations, this limit is usually between 6 and 15 V The up- 
per limit of the sheet resistivity is determined by such practical 
considerations as whether or not signal-processing circuitry is 
going to be integrated on the chip P-type resistors are usually 
processed using the base diffusion schedule, which yields a 
sheet resistivity of about 100 Wsquare For a given resistance 
value, the average piezoresistive coefficient of a resistor tends 
to increase with smaller size The minimum size of a resistor is 
determined by the available photolithographic resolution and 
the sheet resistivity For ultraminiature pressure sensors where 
no additional signal-processing circuitry is planned on the chip, 
a sheet resistivity higher than 100 n/square is desirable In 
this case, for a certain limit in photolithographic resolution, 
the size of the resistors can be minimized. 

FABRICATION 

Resistor Formation 
The starting material used for the fabrication of the pressure 

sensors is n-type, 50-75 pm thick, (100)-oriented silicon wa- 
fers They are supplied with one side of the wafer polished, 
and both sides covered with silicon dioxide (Monothin, Mon- 
santo Co., St. Louis, Mo). 

The first processing step involves the stripping of the onginal 
oxide of the wafers and regrowing it at a temperature of 
llOO°C to a thickness of 7000 A This step is important if a 
good control of the temperature coefficient of the finished 
pressure sensor is needed, since, as will be shown later, the 
temperature coefficient is mostly determined by the character- 
istics of this oxide This oxide is used as a mask for the resis- 
tor and substrate contact diffusions and also as a mask during 
the diaphragm etching step 

To facilitate the photolithography of related patterns on the 
front and back side of the wafer, alignment marks are photo- 
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engraved on both sides of the wafer using a special jig, and suc- 
ceeding masks are then aligned with respect to these marks. 
The alignment marks are aligned with flats on the wafer de- 
rived by cleaving the wafer along the [110] crystallographic 
directions [4] 

To make the fabrication as compatible as possible with stan- 
dard bipolar IC processing, the p-resistors are diffused accord. 
ing to a standard base diffusion schedule, resulting in a sheet 
resistivity of close to 100 Q/square This schedule yields re- 
sistors with a high piezoresistive coefficient and should also 
make possible the incorporation of on-chip signal processing at 
a later stage in sensor development Substrate contacts 
(doped n') are formed using a standard emitter diffusion 
schedule 

After opening the contact holes and removing the photore- 
sist, nickel is then evaporated over the entire wafer to a thick- 
ness of approximately 1500 a Again using photolithography, 
contact pads are selectively electroplated either with gold or 
nickel, depending whether the output wires are going to be 
bonded or soldered on the pads The excess nickel is then 
etched away, and the wafers are ready for the diaphragm etch. 
ing step. 

Diaphragm Formation 
There are several ways of constructing the silicon diaphragm 

Due to the brittleness of silicon, handling problems are en. 
countered with thin diaphragms so that an ideal construction 
would have a thin silicon diaphragm surrounded by a thicker 
supporting rim of silicon There are several potential methods 
of achieving this goal, such as the spark gap erosion technique 
[5], electrochemical etchmg [6], and selective etching. Large- 
area thick diaphragms of approximately 20 pm thickness have 
been constructed using the HF-HN03 isotropic selective etch 
technique, using black wax or silicon dioxide as a protection 
mask, The rounding off of the edges in this kind of etching 
can be avoided for large-area diaphragms (1-in diam dia 
phragms for silicon vidicon targets) using either careful agita- 
tion or gas bubbling [7] Diaphragm thickness control is done 
either by monitoring the transmitted light through the dia- 
phragm or the etching time The first method of monitoring 
is practical only for large-area diaphragms, while etching time 
monitoring needs a careful control of etch rate by controlling 
the etch temperature and the etch composition. For thin dia- 
phragms of the order of 5pm, problems of control of these 
parameters can considerably lower the processing yield. Since 
ultimately the circular chips must be separated from the wafer, 
a final separation etch must be introduced that creates the 
problem of finding the appropriate metals for the contact pads 
that can withstand this final etch step 

The method we are using to make our diaphragms utilizes an 
anisotropic etch Several etchants of this type are available, 
such as hydrazine [8], pyracatechol [9], and potassium h y  
droxide [ 101 The etch we are using is the last named, which 
is relatively inexpensive and easy to handle, while masking is 
easily accomplished using thermally grown silicon dioxide. To 
circumvent any lack of reproducibility in final thckness due 

EXPOSE0 (100) PLANES OF DlAPHRllGM 

x DESIRED DIAPHRAGW 

DESIRED DtAPHRAGM 

RING EXWSED (111) PLANES 

Fig. 6.  Formation of thin silicon diaphragms with a supporting rim. 
The chip separation etch, which is done together with the diaphragm 
formation etch, is used as a thickness indicator 

WART2 TUBE 

+HRINK TUBING / Epo7 
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~ O P P E R  WIRE 

Fig. 7 Catheter-tip mounting of the large (1.6-mm OD) pressure 
sensor 

to different etch rates and starting wafer thicknesses, a dia- 
phragm thickness monitoring scheme has been developed. A 
cross section of the transducer structure during the diaphragm 
etching process is shown in Fig. 6 A narrow slot opening is 
made in the silicon dioxide etch mask on the front surface of 
the wafer to define the boundary of the desired transducer 
chip The width of this slot m the upper etch mask is set equal 
to 1.4 times the desired diaphragm thickness. As the etching 
proceeds from the back surface to define the diaphragm, it 
also etches a groove in the upper surface The sides of this 
groove correspond to the (1 11) crystallographic planes. After 
a few minutes, the groove bottoms out to form a V, after 
which tune no (100) surface is exposed. Since the etch rate 
in the [ 1001 direction is about 100 times faster than in the 
[ l l l ]  direction, the etch slows down considerably on the 
front side of the wafer and proceeds only from the back side 
The depth of the groove corresponds to the final diaphragm 
thickness. As the diaphragm reaches this desired thickness, the 
transducer separates from the wafer This separation is easily 
observed and an etch quenching step can then be initiated. Us- 
ing this technique, we need only to watch for the moment of 
die separation at which time the diaphragm has reached the re- 
quired thickness irrespective of the original wafer thickness 
and the etch rate Etching temperatures between 70 and 80°C 
are satisfactory and yield an etch rate of about 0.5 pm/min in 
the (100) direction. 

Mounting of the Pressure-Sensitive Chips 
For intravascular cardiac pressure measurements, the chips 

must be mounted on the tip of the catheter Fig. 7 shows a di- 
agram of a cross section of the catheter-tip mounting of large 
(1.6-mm chip diam) pressure sensors. Four insulated copper 
wires are threaded through the quartz tube and held in place 
by the Teflon tube that also acts as a reference pressure con. 
duit The four wires are positioned approximately 90" apart 
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PRESSURE (mm Hg) 

Fig. 8 Pressure sensitivity of pressure sensors with different diaphragm 
diameters. 

so that they align with the four contact pads on the pressure- 
sensitive chip After applying emulsified solder to the wires, 
they are brought into contact with the pads and the whole 
structure is heated to melt the solder The space between the 
chip and the quartz tube is then filled with epoxy 

The mounting of the small (0.8-mm diam) pressure sensors is 
done with a slight modification of the technique used for 
mounting the larger sensors. Instead of using Teflon for posi- 
tioning the four copper wires, they are twisted together and 
epoxied at one end 

ELECTRICAL CHARACTERIZATION 

Bridge Unbalance Voltage versus Pressure 
Fig. 8 shows the piezoresistor-bridge unbalance voltage as a 

function of applied pressure for two pressure-sensitive chips of 
1 2- and 0.5-mm diaphragm diam, respectively In both cases, 
the diaphragm thickness is 7 pm. A supply voltage of 6 V was 
used for the experiments so that the pressure sensitivities of 
the pressure sensors are, respectively, 83 and 14 pV/V 
supplylmmHg. Some nonlinearity is observed in the pressure 
sensitivity of the 1 2-mm diam pressure sensor due to the non- 
linear relabon between the applied pressure and the stress on 
the diaphragm 

The high sensitivities realized for these sensors permit pres- 
sure variations as small as 0.1 and 1 mmHg to be resolved with 
the 1 2- and 0.5-mm diam diaphragms, respectively Even with 
these thin diaphragms, the pressure sensitivities of a l l  sensors 
realized from a processing run are usually within 15 percent of 
the average value, with the variations attributed to small differ- 
ences in diaphragm thickness from sensor to sensor For a 
given device, any observed variations in the output signal at 

Fig. 9 Temperature drift of an unmounted pressure sensor 

Fig. 10. DC model of a piezoresistor 

constant pressure can be attributed to ambient temperature 
changes as discussed below We have not observed any changes 
in sensitivity due to repeated diaphragm flexing. Once these 
sensors are calibrated and compensated for temperature varia. 
tions, they are accurate to within 1 mmHg or better for dc or 
ac' pressures ranging from the minimum resolvable to at least 
150 mmHg. 

From the pressure sensitivity and the known values of dia- 
phragm diameter and thickness, we can calculate the piezore- 
sistive coefficient of the diffused p-type resistors for our value 
of sheet resistivity Substituting the known values into the 
following equation 

and equating it with the measured sensjtivities, we find the 
value of n44 = 1 5  X lo-'' cm2 dyn-' This value of 844 is in 
agreement with the published value for the resistivity used. 

Temperature Sensitivity of Diffused Piezoresistors 
The change in the bridge unbalance voltage as a function of 

temperature, for an unmounted pressure sensor with no a p  
plied pressure, is shown in Fig. 9 This temperature coefficient 
corresponds to 0.3 mVI"C for a 6-V supply voltage (equivalent 
to 0.6 mmHg/"C). 

1The frequency response of these transducers is more than adequate 
for biomedical applications. Although detailed frequency measure. 
ments have not been made above 10 kHz, the first calculated diaphragm 
resonance is at about 60 kHz for the 1.2-mm diaphragm, and is consid. 
erably higher for the smaller sensor 
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Fig. 11  Graphical representation of the temperature behavior of a dif. 
fused piezoresistive pressure sensor 

A dc model of a piezoresistor is shown in Fig. 10. The total 
drift is caused by the combined effects of temperature on the 
individual members of the equivalent circuit. These effects 
are as follows. 

1) R(T)  is the temperature-dependent value of the un. 
stressed piezoresistor at a particular temperature 

2) The pressure sensitivity of the piezoresistor is expressed 
by the term(AR/Aq)(T), whichis also temperature dependent 

3) 4(T)  is the effective pressure on the diaphragm that con. 
sists of two terms, namely, the applied pressure on the dia. 
phragm and additional stresses sensed on the diaphragm due to 
the silicon dioxide layer on the silicon diaphragm Since the 
oxide layer is grown at an elevated temperature, a temperature- 
dependent residual stress is present at room temperature due 
to the difference in thermal expansion coefficients between 
the silicon and the overlying silicon dioxide. 

4) I,(T) is the temperature-dependent leakage current be- 
tween the reverse biased piezoresistors and the substrate, it is 
actually a distributed current source. Ths  leakage current is 
usually negligible for properly processed wafers. 

Another source of temperature effect, whch is not consid- 
ered in this analysis, could arise in a mounted device due to the 
additional stress caused by a mismatch in the thermal expan- 
sion coefficient between the pressure sensor and its housing. 

The temperature coefficient of the resistivity (component 1) 
is due to the temperature dependence of carrier mobility 
This temperature coefficient has a value of about 1000 
ppm/"C for boron-doped resistors with a resistivity of 100 
Q/square. Since the coefficients of all the resistors have the 
same sign, the temperature coefficient of the bridge unbalance 
is determined by differences in the temperature coefficients 
of the radial and tangential resistors. These differences, caused 
by the differing surface concentrations of the individual resis- 
tors, are typically of the order of 0.5 percent The expected 
variations of the bridge unbalance due to t h s  effect then are 
of the order of 5 ppm/"C, or equivalent to less than 0 1 

mmHg/"C For carefully executed IC processing of the sensors, 
this part of the total temperature coefficient can be neglected 

A graphical representation of the temperature effects due to 
oxide stress and the temperature dependence of the piezoresis- 
tive coefficient is shown in Fig. 11 with no applied pressure on 
the diaphragm. The total change of Vout, for a temperature 
variation from T1 to T2 (T2 >T1), is composed of compo- 
nents 2 and 3. Component 2 is caused by the change in the 
piezoresistive coefficient due to temperature and component 3 
by the temperature effect on the residual stress on the silicon- 
silicon dioxide interface. The effective pressure on the dia- 
phragm changes from 4 (TI  ) to q( Tz). 

The value of the residual pressure on the diaphragm due to 
the oxide has been measured by comparing the difference in 
bridge unbalance for a sensor before and after the diaphragm 
etch For oxides grown at 1100°C and with a thickness of 
about 5000A, the measured room temperature stress on the 
diaphragm due to this oxide is equivalent to 70 mmHg applied 
pressure The residual stress at the silicon-silicon dioxide in- 
terface, which shows itself as a slight bowing of the diaphragm, 
can be expressed as [ 121 

where C is a structural constant with the dimension of stress, 
olsi and asio are, respectively, the expansion coefficients of 
silicon (3 7 10-6/oC) and silicon dioxide (1.6 X 10-6/"C), 
and (Tz T I )  is the temperature range for the stress buildup 
Since both silicon and silicon dioxide are soft at 11OO"C, we 
cannot use this value for Tz Jaccodyne [ 131, in his stress 
analysis of structures consisting of a silicon beam coated 
with a thermally grown silicon dioxide layer, uses the value of 
800°C as the temperature limit of plasticity Using this value 
as Tz , the temperature Coefficient of residual stress is also 
equivalent to less than 0.1 mmHg/"C From these data we 
conclude that the temperature coefficient of the unmounted 
pressure sensor is dominated by the temperature coefficient 
of the piezoresistive coefficient (component 2). This conclu- 
sion is in agreement with the predictable uniform direction of 
the shift of the bridge unbalance with temperature for differ- 
ent sensors. 

In the case of a mounted pressure sensor, any mismatch m 
the expansion coefficient between the sensor and the mount- 
ing will also be mterpreted as a residual stress by the dia- 
phragm and reflect into the temperature coefficient of the 
packaged transducer. This mismatch in the temperature ex- 
pansion coefficient can dominate the final temperature drift 
of the finished transducer The temperature drift of a 
catheter-mounted pressure sensor is much less predictable than 
that of an unmounted one For a typical mounted sensor, this 
drift is appromnately 5 mmHg/"C, which is mostly due to the 
difference in the temperature expansion coefficient of the ma. 
terials used for the mounting and the stresses introduced on 
the diaphragm during the mounting. This temperature drift is 
excessive for most biomedical applications and a temperature- 
compensation scheme must be devised. 
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Fig. 12 Temperature-compensation circuit 
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Fig. 13  Relationship between the change in bridge unbalance and the 

change in bridge driving-point voltage as a function of temperature for 
a typical catheter-tip-mounted pressure sensor 

Temperature Compensation 
There are several schemes available to compensate for the 

temperature drift of the pressure sensor [ 1 1 J The compensa- 
tion scheme shown in Fig. 12 uses active circuits external to 
the catheter to minimize the temperature drift By driving the 
bridge through a current source, a temperature-dependent sig 
nal that is pressure independent can be obtained from the driv- 
ing point and used to compensate for the temperature drift of 
the bridge unbalance. An added benefit of this circuit is the 
availability of a temperature-dependent signal for measuring 
the temperature of the biological system. 

For a typical catheter-tip-mounted pressure sensor, the ratio 
of Rst and R,, can be found from the curve relating the change 
in bridge driving-point voltage to the change in bridge unbal- 
ance voltage for the temperature range of interest, as shown in 
Fig. 13 In practice, t h s  ratio is mostly determined by the ef- 
fect of temperature on resistivity, as reflected on the driving- 
point voltage, and by the effect of temperature on the piezore- 
sistive coefficient and other temperature stresses introduced by 
the packaging, as reflected on the bridge unbalance voltage 

A pressure-sensitivity curve of a temperature-compensated 
pressure transducer is shown in Fig. 14 for three different 
temperatures. The compensation is essentially perfect between 
33 and 39"C, while between 39 and 43°C the temperature 
drift is approximately 1 mmHg/"C Due to the unpredictable 
nature of the temperature drift of the mounted devices, each 
device must be compensated individually 

BIOMEDICAL EVALUATION 

The pressure sensors have been evaluated by using them to 
measure the blood pressure in the circulatory system of dogs. 
After undergoing a chemical sterilization step by dipping them 

Fig. 14 Pressure sensitivity of a temperature-compensated pressure 
sensor 

DESCENDING AORTA, CATHETER END 

Fig. 15 Recordings of the blood pressure inside the descending aorta 
of a dog (See text for an explanation of the different traces.) 

for a few minutes in a Gerticide solution, they are then in. 
serted into the left descending aorta of an anesthetized dog, 
and afterwards guided to the desired upstream location using a 
fluoroscope Fig. 15 shows a recording of the blood pressure 
inside the descending aorta of a dog using three different pres- 
sure sensors. Traces 1 and 3 were both measured near the 
aortic valve using commercially available pressure sensors. 
Trace 1 was obtained with a catheter-tip-mounted pressure 
sensor (2.5-mm OD), while trace 3 utilizes a sensor that was 
mounted at the end of a catheter outside the dog. Trace 2 was 
measured with our large (2.2-mm OD) pressure sensor, located 
approximately 20 cm from the aortic valve It is seen from 
the traces that the fidelity of the two catheter-tip-mounted 
pressure sensors is much better than that of the catheter-end. 
mounted one, which is characterized by a slight ringing of the 
pressure waveform due to the pressure wave propagation char. 
acteristics within the long catheter 

Fig. 16 shows a recording of the blood pressure in the left 
ventricle of a dog using our small catheter-tip-mounted pres- 
sure sensor This pressure sensor has an overall diameter of 
0.9 mm. The sensor was brought into the left ventricle by in. 
serting it through the inner bore of a larger catheter This 
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Fig. 16. Recording of the blood pressure in the left ventricle of a dog 
using the 0.9-mm OD catheter-tip-mounted sensor 

large catheter (3-mm OD and 1 1-mm bore) was brought into 
the left ventricle with the help of a guide wire that was later 
taken out and replaced by our pressure sensor 

Since extensive evaluation of the pressure sensors using simu. 
lated conditions had been done prior to actual in vivo use, the 
man purpose of the in vivo measurements has been to deter- 
mine if the catheter-mounted device could withstand rough 
treatment during insertion into the dog and whether any reac. 
tion does occur between the sensor and the blood From the 
data obtained so far the sensors seem to be sturdy enough to 
survive the insertion and no noticeable reactlon has occured 
either with the silicon or the epoxy sealant during acute mea. 
surements (90-min duration) in the cardiovascular system of a 
dog. The recessed location of the diaphragm. due to the thick 
protection nm, definitely helps in preventing direct contact of 
the thin silicon diaphragm with the arterial wall during in. 
sertion, thus minimizing the possibility of diaphragm breakage 

CONCLUSION 

A piezoresistive pressure sensor for biomedical instrumenta- 
tion has been developed that allows outer diameters of as small 
as 0.8 mm so that insertion of the finished sensor can be done 
through a catheter that has been guided to the desired location 
using a guide wire An intnnsic sensitivity of 14 pV/V sup. 
plylmmHg is made possible through a technique for reliably 
making 5-pm thick silicon diaphragms surrounded by a thick 
rim This technique was developed during the course of inves- 
tigation of these miniature pressure transducers. The possibil. 
ity of using IC techniques to batch fabricate these pressure 
sensors with a high yield makes the realization of a cheap dis- 
posable cardiovascular pressure transducer a real possibility 

In order to utilize the high piezoresistive coefficient of 
lightly doped piezoresistors. the temperature coefficient of the 
piezoresistors has been investigated It was shown that the 
temperature stability of these piezoresistors is dominated by the 
temperature dependence of the piezoresistive coefficient A 
temperature-compensation circuit that does not diminish the 
intrinsic sensitivity of the sensor has been developed, this cir- 
cuit provides a temperature-dependent signal that is pressure 
independent for compensating the temperature-dependent part 
of the sensor output 

Acute intravascular testing of the catheter-tip-mounted sen- 
sors has been conducted in dogs with satisfactory results. The 

sensors were sturdy enough to survive the msertion into the 
heart Although the possibility of breaking the diaphragm 
during normal use is remote, investigation should be con. 
ducted into the possible effects of this and safeguards devel- 
oped agmst microshock 

The possibility of introducing integral signal-processing cir- 
cuitry on the chip of the larger pressure sensors is also worth 
pursuing. A circuit that could minimize the number of leads 
coming from the chip would be desirable, since it will make 
the mounting of the sensors on the tip of a catheter much 
easier 

Other techniques for compensating the temperature drift of 
the sensors should also be investigated. This might be achieved 
by manipulating the temperature characteristics of the conduc- 
tion mechanism in the semiconductor by techniques such as 
ion implantation. 

Although a method has been developed for batch fabricating 
the miniature pressure sensors, further development of the 
packaging is needed. This is especially true if the pressure 
sensors are going to be chronically implanted The interesting 
possibility of using the package as part of the temperature- 
compensation scheme should not be overlooked. By selecting 
the expansion coefficient of the package smaller than that of 
silicon, much of the temperature drift might be eliminated. 
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